We present an extensive analysis of the Raman spectrum of ammonia IV, for both NH 3 and ND 3 , between 6 and 11 GPa. Polarized Raman scattering experiments were performed at low temperature ͑20-80 K͒ on single-crystalline samples grown in a diamond anvil cell. This method enabled us to discern very weak features of the Raman spectrum, including previously unobserved bending modes 2 -4 . In parallel, we used firstprinciples methods, based on density functional theory, to compute the theoretical Raman spectra at the conditions of our experiments. An overall good agreement is found between experiment and theory. The results of the measurements with different polarizations and a comparison with our calculations allowed an unambiguous determination of the Raman modes. The assignment was further confirmed by examination of the isotopic ratios and Grüneisen parameters. This study thus provides a much more complete picture of the Raman spectrum of phase IV than available before and constitutes a solid basis for the investigation of ammonia at higher pressures.
I. INTRODUCTION
Despite being a very simple and common molecule, our knowledge and understanding of the dense phases of ammonia remain so far rather limited. As a matter of fact, the phase diagram and bonding scheme of this molecular solid at high pressure appear, from recent experimental [1] [2] [3] and theoretical studies, 4, 5 to be more complex than thought 20 years ago. Moreover, the contradictions found between different experimental reports 1,2,6-8 have led to some confusion. Recently, we have undertaken to resolve some of these contradictions by using original experimental approaches. One of them involved single-crystal x-ray diffraction as reported in Ref. 3 . Here we present an extensive and very careful analysis of the Raman spectrum of ammonia IV. This analysis will be used as a basis to discuss the evolution of the Raman spectrum at higher pressure, which will be the subject of a separate presentation.
The phase diagram of ammonia ͑Fig. 1͒ displays three different solid phases below 4 GPa, with structures that are either close packed ͑phases II and III͒ with rotationally disordered molecules, or pseudo-close-packed ͑phase I͒ with ordered molecules. Increasing pressure in any of these phases leads to a first-order transition to phase IV. Early x-ray powder diffraction studies 9 of this phase came to the conclusion that it is a disordered hexagonal close-packed structure ͑space group P6 3 / mmc͒ with two molecules per unit cell; however Loveday et al. 1, 10 showed from neutron diffraction experiments on ND 3 that this phase actually has an orthorhombic ordered structure with space group P2 1 2 1 2 1 and four molecules per unit cell. Recently, 3 we succeeded in obtaining ͑quasi-͒single-crystal samples of NH 3 and ND 3 phase IV in a diamond anvil cell; using x-ray diffraction, we determined that space group P2 1 2 1 2 1 is indeed the most likely one for both isotopes, in agreement with the neutron study. Furthermore, the orthorhombic symmetry was found to be kept up to at least 123 GPa in NH 3 , although subtle structural changes were detected.
Raman spectroscopy is also a powerful tool to investigate the crystalline structure of a material, in addition to providing information on its dynamics. Each structure has indeed a characteristic Raman spectrum which has to match observations. In the P2 1 2 1 2 1 space group of ammonia IV, group theory predicts 45 Raman-active nondegenerate modes, such that the Raman spectrum should consist of 45 distinct peaks. In 1988, Gauthier et al., 6 investigating the Raman spectrum of a powder NH 3 sample at room temperature, only observed eight modes, whereas more recently, Kume et al. 11 could discern 15 modes from measurements at 50 K. These numbers of modes, although compatible with the orthorhombic structure, are much lower than expected. Moreover, these studies were unable to assign either the symmetry or the relative motion of the observed modes ͑the assignment given by Gauthier et al. 6 was done in a wrong structure͒. In the present work, we used a different approach to investigate the Raman spectrum of ammonia IV, which greatly improves the significance of the results. It is based on singlecrystalline samples, low-temperature polarized Raman spectroscopy, and direct comparison with theoretical spectra computed with first-principles methods. The use of single crystals and polarized light enabled us to discern very weak, previously unobserved, Raman modes, while comparison with the ab initio computed spectrum was crucial in determining the symmetry and vibration type of all peaks. This study was undertaken for both NH 3 and ND 3 , first because their comparison is helpful for interpretation of the Raman spectrum, and second because significant differences have been seen in the high-pressure behavior of these isotopes. 3, 7 This paper is organized as follows. First, we present an analysis of the vibrational modes of ammonia IV based on group theory; Sec. III is devoted to the description of the procedure used in this work to measure and analyze the Raman spectrum; Sec. IV presents and compares the results obtained for NH 3 and ND 3 . These results are then discussed in Sec. V before giving concluding remarks.
II. GROUP THEORY ANALYSIS OF PHASE IV
The symmetry of the free ammonia molecule is 3m ͑C 3v ͒. The unit cell of phase IV contains four molecules with site symmetry 1 ͑C 1 ͒. A group theory analysis of this structure leads to the correlation diagram reported in Table I . Accordingly, there are 48 vibrational modes, three of them being acoustic modes, and all the optic modes are nondegenerate and Raman active. The Raman spectrum thus consists of 21 intermolecular ͑lattice͒ modes, composed of nine translational modes ͑3A +2B 1 +2B 2 +2B 3 ͒, 12 rotational modes ͑3A +3B 1 +3B 2 +3B 3 ͒, and 24 intramolecular ͑internal͒ modes ͑4 1 +4 2 +8 3 +8 4 ͒.
In Table II , an extract of the character table for the point group D 2 is presented. This table will be used below to determine the symmetry of some of the observed modes.
III. EXPERIMENTAL PROCEDURE

A. Experimental aspects
Experiments reported here were conducted in a membrane diamond anvil cell ͑MDAC͒ designed in our laboratory, with large x-ray and optical apertures. We used diamond anvils of culet sizes 0.15-0.3 mm. Rhenium served as gasket material. A ϳ 10 m gold liner between the sample and gasket helped to keep the compression more hydrostatic and prevent fragmentation of the crystal. 3, 13 A small ruby ball ͑ ϳ 5 m͒ was loaded with the sample for in situ pressure measurement, according to the calibration of Ref. 14. For low-temperature experiments, we used a helium cryostat specifically designed for our MDAC. Temperature was measured with a type-K thermocouple cemented to the side of one of the anvils and was consistent with that calculated from the intensity ratio of the ruby R lines at low temperature. 15 Raman scattering, as well as luminescence measurements, were performed in backscattering geometry using a T64000 Raman spectrometer from Jobin-Yvon-Horiba ͑f = 0.64 m, 1800 grooves/ mm grating, 100 m entrance slits͒ coupled to a confocal microscope for collection and a cooled coupled charge device detector. The 514.5 nm line of an Ar + ion laser was used as excitation source. The laser spot size was about 5 m on the sample.
The gases for these experiments were obtained from Air Liquide ͑NH 3 99.99% purity͒ and Euriso-Top CEA Saclay ͑ND 3 99.66% purity͒. The gasket hole was filled by condensing liquid NH 3 or ND 3 at 5 bar and 278 K.
A single crystal of phase III was grown from the melt at 1 GPa and 300 K ͑as Fig. 1 shows, phase IV is not accessible from the melt͒. By slowly increasing the pressure above 4 GPa, a sample of phase IV was obtained and characterized by x-ray diffraction at the European Synchrotron Radiation Facility ͑ESRF͒ beamline ID09A or ID30. As described in Ref. 3 , diffraction images showed that despite the III-IV first-order transition, the sample of phase IV remained a 
The orientation matrix ͑relative orientation of the crystal axes with respect to laboratory axes͒ was obtained using a rotation method. Since the crystal is grown in situ in the MDAC, the orientation of the crystallographic axes of the single crystal in the MDAC cannot be controlled. The sample was then used for polarized Raman scattering experiments at low temperature. If the crystal had an axis nearly in the plane of the diamond faces, this axis could be easily positioned perpendicular or parallel to the incident polarization. In such case, it was possible to directly determine the symmetry of some of the observed modes but not all. If the crystal orientation was not special, the cell position was adjusted to maximize the contrast of the modes between different polarization geometries. Comparison of intensity and frequency shift between experimental and theoretically computed ͑as described below͒ spectra for all different polarizations was then necessary to assign the observed modes.
B. Theoretical aspects
Our experimental measurements were complemented by first-principles calculations of the structural and vibrational properties of ammonia. To this aim, we used the Quantum ESPRESSO package, 16 which is based on density functional theory and implements a pseudopotential and plane-wave scheme. Ultrasoft pseudopotentials were adopted to describe the electron-ion interaction within the Perdew-BurkeErnzerhof gradient correction scheme. The phonon properties were calculated within the density functional perturbation theory, 17 while Raman intensities were obtained as in Refs. 18 and 19. A kinetic energy cutoff of 40 Ry was used on the wave functions, while the cutoff on the charge density was taken as high as 800 Ry to ensure convergence on the phonon calculations. Brillouin zone integrations were performed on 4 ϫ 4 ϫ 4 special k-point grids. At each pressure the internal coordinates and the cell axes were relaxed to minimize the enthalpy. The calculations of the phonon and Raman properties have been performed at the optimized structure for each pressure. The Raman intensities were computed for the same directions of propagation and polarization as the ones probed by our experiments.
IV. RESULTS
A. Description of samples
Two samples of NH 3 and one of ND 3 have been studied at 50 and 80 K, respectively. The first one, denoted sample a, was oriented with the b axis nearly parallel ͑within 2°͒ to the diamond anvil faces, whereas the a and c axes had no particular direction. Three different Raman spectra have been recorded. Using Table II , the symmetry of the observed modes were identified: ͑1͒ for incident and analyzed polarization parallel to b ជ , denoted ͑bb͒, modes A are observable; ͑2͒ for incident and analyzed polarization perpendicular to b ជ , denoted ͑b Ќ b Ќ ͒, modes A and B 2 are observable; and ͑3͒ for incident and analyzed polarization, respectively, parallel and perpendicular to b ជ , denoted ͑bb Ќ ͒, modes B 1 and B 3 are observable. In this case, the theoretical spectrum was useful in distinguishing the B 1 from the B 3 modes in the ͑bb Ќ ͒ spectrum.
The orientations of the second sample of NH 3 ͑noted sample b͒ and of the sample of ND 3 ͑noted sample c͒ were such that no crystal axis lay along or was perpendicular to the diamond faces. However, strong differences in relative intensities could be observed for different polarization geometries; the sample was therefore oriented with respect to the laser polarization in order to maximize the contrast. In this configuration, the comparison with the theoretical spectrum was crucial for assigning modes since the experimental spectrum consist in a mixture of all the symmetry modes. Two types of spectra have been recorded: ͑VV͒ designates the case where incident and analyzed polarization are parallel, and ͑VH͒ the case where they are perpendicular.
B. Analysis of spectra and mode assignment
Lattice modes
Experimental and calculated polarized Raman spectra in the 100-650 cm −1 region are shown respectively in Fig. 2 for NH 3 ͑sample a͒ at 6 and 10 GPa, and in Fig. 3 for ND 3 at 10.5 GPa. Since the mode linewidths are not provided by our calculations, a constant width of 2 cm −1 has been added to the theoretical spectrum for easier visualization. In the 650-900 cm −1 region, no mode is detected experimentally. The differences in intensity between calculated and experimental spectra may be related to a small depolarization effect from the diamond anvil and to the fact that the b axis of the sample is not perfectly parallel to the faces of diamonds. The Raman shifts of the two lower-frequency modes ͑A a and A b ͒ are remarkably well reproduced by our calculations for both isotopes. For the higher-frequency modes, a better agreement is generally observed for ND 3 than for NH 3 . The difference between calculated and measured frequencies for NH 3 and ND 3 is below 10% on average. Actually, the observed frequencies of B 1 c and A d are more difficult to reproduce ͑the discrepancy is around 15% with the calculated frequencies for NH 3 , and around 12.5% for ND 3 ͒. This discrepancy is not due to an overestimated pressure in our calculations since the calculated bulk modulus is very close to the one determined by x-ray diffraction. 3 Anharmonic effects originating from phonon coupling and/or quantum effects are not taken into account in our calculations, which might explain these discrepancies. We note that the level of agreement between calculated and experimental frequencies is similar to that found in a recent ab initio sudy of water ice VIII. 20 It is interesting to note that, in NH 3 , all predicted frequencies are higher than the measured ones except for the modes A c and B 2 a . Looking at the evolution of the mode frequencies with temperature along the 6 GPa isobar, we find that all modes of A symmetry decrease in wave number with increasing temperature except A c , which increases with a rate of 0.16 cm −1 / K. This indicates that the self-energy term for this mode ͑i.e., the anharmonic term originating from phonon coupling͒ is positive and larger than for the other A modes. Inspection of the isotopic ratio and Grüneisen parameter also shows larger anharmonic effects for this mode ͑see Sec. V͒.
The assignment reported in Table III is primarily based on the comparison between calculated and experimental spectra. For NH 3 at 6 GPa, 13 modes are observed. All six modes of symmetry A are identified. The remaining seven modes are composed of three B 2 , one B 3 , and three B 1 . For ND 3 , 17 lattice modes out of 21 are observable around 10.5 GPa.
Comparison with calculations leads to the assignment of six modes of symmetry A, four B 2 , four B 3 , and three B 1 . The order in frequency of the lattice modes is different in ND 3 with respect to NH 3 due to a different isotopic shift between translational and rotational modes. This will be discussed further in Sec. V.
The frequency of all observed lattice modes increases with pressure, as illustrated in Fig. 4 for NH 3 and Fig. 5 for ND 3 . For NH 3 , a crossing between the modes A c and B 2 b is observed experimentally around 8 GPa. This crossing is easily detected by comparison between the ͑bb͒ and ͑b Ќ b Ќ ͒ spectra, since the B 2 b mode is only present in ͑b Ќ b Ќ ͒. This phenomenon is not present in our calculations. In ND 3 , the modes A d and B 3 a cross at about 10 GPa, as predicted by theory.
Internal modes
The ammonia molecule has four types of internal modes. In increasing order of frequencies, these are the symmetric bending mode 2 ͑A͒, the antisymmetric bending mode 4 ͑E͒, the symmetric stretching mode 1 ͑A͒, and the antisymmetric stretching mode 3 ͑E͒.
a. Symmetric bending mode. The frequency of the fundamental 2 mode is about 950 cm −1 in gaseous NH 3 and 748 cm −1 in gaseous ND 3 . 21 In phase IV, this vibration is split by intermolecular coupling into four components of species A, B 1 , B 2 , and B 3 . Figure 6 presents the spectra of samples a and c. The assignment is readily obtained by comparing with our calculations. The large difference in frequency between the gas and solid phases ͑ϳ200 cm −1 at 6 GPa͒ was already observed in phase I of NH 3 at ambient 
͑Color online͒ Comparison between calculated and experimental spectra for the lattice modes of NH 3 at 6 ͑a͒ and 10 ͑b͒ GPa. For each figure, the top part shows our calculation at 0 K for the three polarizations. The widths of the modes have been added for easier visualization. Modes with very weak intensities are not presented but their frequencies and assignment are given in Table  III . In the bottom part is shown the experimental spectrum at 50 K for the same three polarizations. pressure and low temperature, [22] [23] [24] and reflects a large effect of the crystal field on this vibration. In NH 3 sample a, two modes 2 ͑B 2 ͒ and 2 ͑B 1 ͒ are clearly observed. In sample b, another broad band is detected around 1190 cm −1 and may correspond to a mixture of the modes 2 ͑A͒ and 2 ͑B 3 ͒. A noticeable difference between theory and experiment is the intensity of the A mode: it is the most intense in the theoretical spectrum whereas it is barely detected experimentally. In ND 3 , the 2 modes form a band between 850 and 930 cm −1 . As can be seen in Fig. 6 , the four lines are resolved in the VH configuration, and agree well in position and intensity with the theoretical spectrum.
The shift in frequency of the 2 modes with pressure is shown in Figs. 7 ͑NH 3 ͒ and 8 ͑ND 3 ͒. All these modes increase in frequency with pressure. Except for a global offset of frequencies ͑2% for NH 3 and less than 1% for ND 3 ͒, these evolutions are well reproduced by our calculations.
b. Antisymmetric bending mode. In the gas phase, the frequency of the doubly degenerate asymmetric bending vibration 4 ͑E͒ is about 1627 cm −1 in NH 3 and 1191 cm −1 in ND 3 . 21 In phase IV, this vibration is split by intermolecular coupling into eight components. Figures 9 and 10 show the spectra of samples a ͑NH 3 ͒ and c ͑ND 3 ͒. In the former, at least five modes are necessary to reproduce experimental data. The difference between calculated and experimental spectra does not allow a completely unambiguous assignment. But their evolution under pressure ͑reported in Fig. 7͒ is quite well reproduced by a decomposition of the band into 2A +2B 1 +1B 2 modes.
Unlike the 2 modes, the eight 4 modes are not resolved in ND 3 . It can be seen from Fig. 10 that at least seven modes are necessary to interpret the spectrum at 10 GPa. Their evolution with pressure is reported in Fig. 8 . Among these modes, only four are clearly resolved and assigned ͑2A +2B 2 ͒. The peak at 1215 cm −1 is closer in frequency to the theoretical B 1 b but its intensity compares more favorably with the B 3 b . The pressure dependence of the 4 components is shown in Figs. 7 ͑NH 3 ͒ and 8 ͑ND 3 ͒. The frequencies are either constant or slightly increasing in the probed pressure range.
c. Stretching modes. In the gas phase, the frequencies of the symmetric stretching 1 ͑A͒ and the doubly degenerate antisymmetric stretching 3 ͑E͒ are, respectively, about 3337 cm −1 and 3444 cm −1 for NH 3 ͑2420 cm −1 and 2564 cm −1 for ND 3 ͒. 21 In phase IV, these modes are split, respectively, into four Davydov components for 1 and eight components for 3 . Figures 11 and 12 show the spectra for the 1 − 3 stretching mode region obtained with samples a ͑NH 3 ͒ and c ͑ND 3 ͒. The stretching modes of ND 3 are in the same frequency range as the second-order Raman band of the diamond anvils ͑2300-2600 cm −1 ͒: at each pressure, this background was thus recorded and subtracted from the sample spectrum. In NH 3 , a very large and asymmetric band is observed around 3200 cm −1 and assigned to the symmetric stretching 1 band. The band at 3300-3400 cm −1 is assigned to the antisymmetric stretching 3 . According to our calculations, only two 1 modes ͑of symmetry A and B 1 ͒ have important relative intensities. With only two modes, the large linewidth ͑60 cm −1 at 20 K͒ of the 1 band is hard to explain. Moreover, between 50 and 20 K, no change in the linewidth of this band is detected. For ND 3 , two modes in the 1 region, assigned as A and B 3 , are clearly resolved in the VH spectrum. Two additional modes are necessary to reproduce the two shoulders visible in the VV spectrum. These are compatible with the overtones 2 4 of the antisymmetric bending modes. The significant intensities of these overtones at low temperature indicate that they are in Fermi resonance with the 1 modes, as was found for liquid ammonia [25] [26] [27] [28] and solid phases I, 22, 23, 29 II, 30 and III. 6 We note that since the 4 modes are of either species A or B, all their overtones have A symmetry and may thus couple to the stretching vibrations of A symmetry. The presence of this resonance could also explain the large and asymmetric 1 band in NH 3 .
In the 3 region, three modes ͑2A + B 1 ͒ are resolved for NH 3 . Another mode of species B 2 is necessary to interpret the shoulder between the two A vibrations in the ͑b Ќ b Ќ ͒ spectrum. The observed intensity ratios are quite similar to those predicted from theory, but the calculated splitting between the two 3 ͑A͒ is twice larger than the observed one. In ND 3 , four modes 3 are resolved. This agrees well with our calculated spectrum, although the splitting of the A modes is here again smaller than predicted.
The pressure evolution of the stretching modes for NH 3 and ND 3 is shown, respectively, in Figs. 13 and 14. In NH 3 , the wave number of the maximum of the symmetric stretching band decreases with increasing pressure. This behavior is characteristic of the 1 vibration and reflects the increasing strength of the hydrogen bonds with the reduction of bond lengths. This also shows that this band has a predominantly 1 character since the 4 mode frequencies, and thus their overtones, are either constant or slightly increasing functions of pressure. The decrease with pressure of the 1 components is also predicted by our calculations. In ND 3 , the 1 mode frequencies do not vary with pressure up to 11 GPa, which had already been reported in Ref. 7 . The bands assigned as the overtones of 4 have the same pressure dependence as their respective fundamentals, thus supporting their assignment. The evolution of the antisymmetric modes is very similar for ND 3 and NH 3 . While the evolution with pressure of the 3 ͑A a ͒ and 3 ͑B 2 a ͒ is quite well reproduced by our calculations, the two other observed 3 modes are predicted to decrease with increasing pressure, in contradiction with experiment. Tables III and IV sum up the proposed mode assignment  for lattice and internal modes, respectively. Although the overall agreement between experimental and theoretical spectra is good, some inconsistencies in frequency or intensity exist, which complicate the assignment process. Additional arguments in favor of our proposed assignment can be found by comparing the Raman spectra of the two isotopes, or by analyzing their evolution with pressure, as done below.
V. DISCUSSION
We recall that the 21 lattices modes of phase IV are divided into 12 rotational and nine translational modes. The coordinates of the calculated vibrations allow us to determine the major motion for each of them as listed in Table III . Actually, these motions are in general not pure as mixing may occur. The order in frequency of the lattice modes is different for NH 3 and ND 3 due to a distinct shift on deuteration between translational and librational modes: for a purely translational mode, the isotopic ratio is 1.085, corresponding to the square root of the molecular mass ratio; for a pure rotational mode, the isotopic ratio is equal to the square root of the molecular moment of inertia ͑1.4͒. 31 The fact that the isotopic ratios are not equal to 1.085 or 1.4 indicates that there is some coupling between translational and rotational motions. As can be seen from Table III , the ratios of the experimental frequencies are consistent with the values above and are, in general, in good agreement with the ratios of the calculated frequencies. A poorer agreement between measurements and calculations might be an indicator of the presence of an anharmonic contribution, due to phonon coupling and/or quantum effects, to the frequencies. The largest discrepancy is observed for the A c translational mode ͑calcu-lated value 1.1 vs experimental value 1.22͒. This corroborates our previous observation ͑Sec. IV B 1͒ that this mode is actually more affected by anharmonic effects. We also note that very similar ratios were found in phase I. 22 The motions of the modes may also be inferred from their evolution with pressure, since translational and rotational vibrations have usually different pressure dependencies. This is more easily done by inspecting the Grüneisen parameters defined by
where i and V designate the frequency of the ith mode and the specific volume, respectively. The volume has been calculated using the Vinet equations of state fitted to our x-ray diffraction data on NH 3 and ND 3 in the range 4 -60 GPa. 3 The plots of ln͑ i ͒ versus ln͑V͒ show linear correlation between the two quantities and Grüneisen parameters are thus constant in the considered pressure range ͑5-11 GPa͒. The values of these parameters are gathered in Table III . They lie in the ranges ͓0.73-1.65͔ for NH 3 and ͓0.4-1.5͔ for ND 3 . It can be seen that the Grüneisen parameters of translational modes are larger than those of librational modes, as is usually the case. Moreover, theoretically computed Grüneisen parameters are in good agreement with our experimental ones, which gives further evidence that our assignment is correct. To sum up, seven translational modes ͑3A +2B 2 +1B 1 +1B 3 ͒ and six rotational modes ͑3A +1B 2 +2B 1 ͒ are experimentally observed in NH 3 , and seven translational modes ͑3A +1B 2 +2B 3 +1B 1 ͒ and ten rotational modes ͑3A +3B 2 +2B 3 +2B 1 ͒ are seen in ND 3 .
As mentioned in the Introduction, there were prior to this work two studies of the Raman spectrum of phase IV of NH 3 , respectively, at 300 K ͑Ref. 6͒ and 50 K. 11 In the latter, Kume et al. 11 observed nine modes in the lattice region and assumed from their linewidths that two of these modes were overtones. The comparison with our theoretically computed spectrum shows that these mode are actually fundamental modes ͑one translational of species B 1 at 308 cm −1 and one rotational A at 560 cm −1 at 10.5 GPa͒. In the work of Gauthier et al., 6 five lattice modes were observed; based on the Grüneisen parameters, they were assigned as three translational and two rotational modes. At the time of this study, the authors thought that phase IV had a hexagonal structure ͑space group P6 3 / mmc͒ for which only five lattice modes are Raman active, in agreement with their observations. Later, Pruzan et al. 7 studied a powder of ND 3 up to 40 GPa at room temperature. Above 4 GPa, they observed six lattice peaks, which was inconsistent with the hexagonal structure. Two possible explanations were then proposed: the extra peak was a combination of two modes or the structure was of lower symmetry. The latter turns out to be the right one and the present work shows that this mode is the high-frequency rotational mode A e . In none of the works above were the bending modes 2 and 4 observed. These modes are actually very weak scatterers, which makes them hard to extract from background noise. The use of a single-crystalline sample and polarization properties, as was done here, enhances the signal-to-noise ratio, so that we are able to observe the 2 and 4 modes. Moreover, the splitting of these bands due to the crystal field is clearly observed.
The stretching part of the Raman spectrum is the most difficult one to interpret as it is composed of many overlapping bands. This is also the case for the other solid phases of ammonia, but due to the low symmetry of phase IV, the larger number of Davydov components makes this task even more complex. Here again though, the possibility of selecting modes of different symmetries is a large improvement compared to previous powder studies since it allowed us to identify the observed 3 modes. The 1 region is more difficult as contributions from overtones of 4 have to be considered, which were not included in our calculations. We were able to show that this is indeed the case for ND 3 since the smaller mode linewidths allow one to resolve the band centered at 2350 cm −1 into four components, whereas only two 1 modes are expected from our calculations. Moreover, the pressure dependencies of these two additional bands mimic those of their respective fundamental modes. The situation for NH 3 is less clear, although contribution from the overtones 2 4 is the most likely explanation for the large width of this band.
VI. CONCLUSIONS
We have presented here a careful determination and analysis of the Raman spectrum of ammonia IV for both NH 3 and ND 3 . We used polarized Raman spectroscopy at low temperatures on single crystals grown inside diamond anvil cells. The crystal orientations were determined from x-ray diffraction at the ESRF. The measured spectra were compared to simulated Raman spectra from first-principles calculations in order to determine the vibrational type and symmetry of the observed modes. The agreement between experimental and calculated Raman spectra is remarkable. Examination of the isotopic effects and Grüneisen parameters gave further support to our proposed assignment. Weak Raman modes were observed for the first time ͑e.g., 2 and 4 ͒. In total, 26 and 34 modes were observed, respectively, for NH 3 and ND 3 , to be compared to the 45 vibrational modes predicted from group theory. A complete interpretation of the symmetric stretching region of the spectra is impossible at the harmonic level due to suspected Fermi resonance between the 1 and overtones of 4 modes. The specific knowledge of the vibrations obtained through the present study should be very useful to understand the evolution with pressure of phase IV. In addition, this work shows that, using state-of-the-art experimental and modelization techniques, it is now feasible to perform and extract much information from polarized Raman scattering experiments on a sample grown in situ at high pressure, even if the latter is of relatively low symmetry and if its orientation in the pressure cell is not special. This should open new prospects for the study of other simple molecular solids which do not exist at ambient conditions. 
